Obesity and associated metabolic diseases collectively referred to as the metabolic syndrome increase the risk of skeletal and synovial joint diseases, including osteoarthritis (OA).
Introduction
Osteoarthritis (OA) is the most common cause of disability among musculoskeletal diseases throughout the world [1] . The overall disease burden of OA is two times greater in developed versus underdeveloped regions of the world due in part to the elevated prevalence of obesity [1] . Obesity substantially increases the lifetime risk of developing knee OA, being similar to the effect of joint trauma ( Figure 1 ) [2] . Obesity, however, is not viewed simply as a biomechanical risk factor due to increased weight-bearing because it also increases the risk of OA in the hand [3] . This finding has motivated the search for non-biomechanical factors linking obesity and OA. There is increasing evidence that systemic metabolic dysregulation and inflammation are underlying factors in the pathogenesis of OA, potentially even in the absence of obesity [4] . As a result, there is a growing consensus that the relationship between obesity and OA is complex and multifactorial [5] [6] [7] [8] [9] .
A number of excellent recent reviews have discussed the role of metabolic diseases in driving a proposed metabolic OA subtype [10] [11] [12] [13] [14] [15] [16] . Many potential links exist between factors involved in metabolic dysfunction (e.g., excess adiposity, insulin resistance, dyslipidemia, and hypertension) and the development of OA, including the production of pro-inflammatory cytokines and adipokines [7, 14, 15] . However, the clustering of these metabolic conditions, defined as the Metabolic Syndrome, increases OA risk more than any single condition alone and suggests that a common set of underlying factors contribute to metabolic associated OA [10] [11] [12] [13] [14] [15] [16] .
In addition to inflammation, prior reviews describe the contribution of vascular dysfunction [12, 16] , oxidative stress [10, 13, 16] , mitochondrial dysfunction [13] , miRNAs [12, 15] , and metabolites such as Vitamin D [12, 15] to OA pathogenesis.
An additional phenomenon that has received less attention is metabolic inflexibility.
Over-nutrition and insufficient physical activity contribute to a state of metabolic dysregulation characterized by a breakdown of hormonal and metabolite sensing feedback pathways that regulate the delivery and utilization of nutrients (e.g., glucose and lipids) throughout the body.
The resulting metabolic inflexibility occurs both systemically and at the cellular level and is considered a key driving force of numerous metabolic pathologies, including type 2 diabetes and cardiovascular disease [17, 18] . The effect of metabolic inflexibility on synovial joint function and OA is poorly understood. This Perspectives Article focuses on emerging areas of research related to aspects of metabolic flexibility that are revealing how changes in cellular energy metabolism, metabolic substrate utilization, and metabolic signaling pathways alter skeletal development and remodeling in response to biomechanical and inflammatory stressors. This Perspectives article is based on topics that were discussed at a workshop presented at the 2016 Annual Meeting of the ORS (Orthopaedic Research Society) in Orlando, FL. These topics include: 1) an update on metabolic stress in OA, focusing in particular on sexually dimorphic pathways, 2) energy metabolism in joint tissues at rest and in response to mechanical loading, 3) glucose and glutamine metabolism in osteoblasts, and 4) AMPK and metabolism in cartilage and OA. We hope that this overview will stimulate further interest in understanding the metabolic basis of synovial joint health and disease. The development of powerful new techniques for metabolic profiling (i.e., metabolomics) has emerged as a critical factor linking gene expression and proteostasis to cellular function [19] . The impact of this metabolic renaissance is evident in multiple related areas of investigation, including epigenetics, regenerative medicine, immunology, and experimental therapeutics [20] [21] [22] [23] .
Update on Metabolic Stress in Osteoarthritis
Aging populations and obesogenic environments are increasing the prevalence and comorbidity of metabolic and musculoskeletal diseases [24, 25] . In the United States, approximately 35% of all adults and 50% of adults aged 60 years and older are estimated to have the metabolic syndrome [26] . Based on data from the NHANES III cohort, approximately half of US adults with OA also have metabolic syndrome [27] . Additional cross-sectional studies from other populations also show an association between metabolic syndrome and knee and hand OA [28] [29] [30] [31] , albeit not always independent of obesity [9, 32] . Several prospective studies, however, confirm that metabolic syndrome increases the risk knee OA incidence and severity independent of obesity status [33] [34] [35] . These findings raise the question as to how components of the metabolic syndrome impact the biology and function of different tissues in synovial joints to promote the pathogenesis of OA?
The metabolic syndrome was originally identified and defined as a group of metabolic conditions that collectively increase the risk of heart disease, diabetes, and stroke. Although several definitions of the metabolic syndrome exist, here we provide the definition set forth by the National Cholesterol Education Program Adult Treatment Panel III and updated by the American Heart Association, where metabolic syndrome is diagnosed as the presence of three or more of the metabolic conditions shown in Figure 2A [26] . Of these conditions, the most prevalent condition in US adults with metabolic syndrome is an elevated waist circumference (93%), followed by elevated triglycerides (85%), low HDL cholesterol (60%), high fasting blood glucose (54%), and high blood pressure (48%) ( Figure 2B ) [36] . As with knee OA, the overall prevalence of metabolic syndrome in adults in the United States is greater in women than men (37% versus 33%) [26] . Women with metabolic syndrome have a significantly higher prevalence of elevated waist circumference and low HDL cholesterol [36] . However, not all conditions are more prevalent in women. For example, high blood pressure is just as prevalent in women and men with metabolic syndrome, and the prevalence of high triglycerides and high fasting blood glucose are lower in women than men with metabolic syndrome [36] .
These sex-specific differences may provide some mechanistic insight into the link between metabolic syndrome and OA. In general, these metabolic syndrome components are thought to promote OA by increasing joint inflammation, impairing bone remodeling, and suppressing cartilage anabolic activity in favor of catabolism. One area that has received considerable attention is the relationship between adiposity (e.g., waist circumference) and the production of systemic and local mediators of inflammation, including adipokines and cytokines [37, 38] . Of particular note is the role of leptin, an adipokine that has been shown to stimulate catabolic pathways in chondrocytes [39, 40] . In both cross-sectional and longitudinal studies, leptin is associated with an increase in knee OA severity and progression in women but not men ( Figure 2C ) [41] [42] [43] [44] . Similarly, a sex-dependent bias was also observed for the relationship between atherosclerosis and OA ( Figure 2C ). In a longitudinal population-based study, Hoeven and colleagues showed that atherosclerosis was independently associated with baseline knee and hand OA prevalence and with the progression of hand OA in women only [45] . A number of preclinical animal studies have shown that elevated adiposity and blood lipids, including hypercholesterolemia and related conditions, increase joint pathology in aging, post-traumatic, and collagenase-induced OA models (e.g., [46] [47] [48] [49] ). Most obesity-related pre-clinical studies, however, use animals from a single sex. Consequently, the sex-dependent basis for these clinical associations is not known and warrants further investigation.
The sex-bias linking metabolic syndrome components to OA does not only favor women.
Recent studies indicate that insulin resistance and hygerglycemia are associated primarily with OA development in men ( Figure 2C ). For example, HOMA-IR scores, which are derived from a model-based estimate of insulin resistance and β-cell function using fasting plasma insulin and glucose concentrations, were positively associated with osteophyte-defined knee OA in obese men but not women [43] . In addition, male, but not female, patients with symptomatic knee OA and type 2 diabetes had significantly greater joint space narrowing than patients without type 2 diabetes, even when adjusting for sex, age, obesity, hypertension, and dyslipidemia [50] . A recent study by Hamada and colleagues showed that diabetes and synovial insulin resistance increase OA pathology by stimulating synovial inflammation, and in particular tumor necrosis factor production [51] . Whether or not these findings underlie the sex-dependent clinical observations is not known.
As with other obesity-related diseases, it is anticipated that a better understanding of the tissue and cell-specific effects of metabolic stressors on OA pathogenesis will lead to the identification of novel disease biomarkers and the development of metabolic-based therapies to prevent or slow the progression of OA. A number of labs are tackling this challenge by investigating the contribution of particular components of the metabolic syndrome to the function of specific joint tissues. Ultimately, though, a systems-based approach that integrates the pro-catabolic effects of metabolic stressors and altered biomechanics will likely be needed to comprehensively understand the role of obesity in OA-pathogenesis and to develop new targeted therapies (e.g., [52] ). The following sections address this need by providing new insight into how biomechanical loads, developmental signaling pathways, and cellular metabolic sensors regulate cartilage and bone metabolic and structural homeostasis.
Energy Metabolism in Joint Tissues at Rest and in Response to Mechanical Loading
Joints transmit loads generated during locomotion, which can be in excess of 3 times body weight [53] . For example, contact pressures can reach 2,600 PSI during stair climbing [54] . These loads result in deformation of the soft tissues within the joints. Studies of joint loading in humans and animal models show that typical compressive soft tissue strains are approximately 10% [55, 56] . Higher strains from injury or joint trauma may result in tissue damage and cellular dysfunction. When joint tissues experience mechanical wear and damage, additional biochemical energy is required to repair and remodel the damaged tissue. Frequently, this energy is stored by the nucleotide adenosine triphosphate (ATP). While mechanical energy is dissipated when soft tissues are compressed, it is unknown if this affects the cellular energy landscape. This section describes the changes in energy metabolism at rest and in response to mechanical loading using recent studies of chondrocytes as a model system.
Glucose is metabolized to produce ATP [57] , which is the primary energy source for many cellular processes [58] . Glucose is the major source of energy for chondrocytes [59] .
Glucose metabolism involves glycolysis, the pentose phosphate pathway (PPP), and the tricarboxylic acid (TCA) cycle (Figure 3 ), which generates many of the precursors to amino acids. Glycolysis occurs independent of oxygen whereas oxygen is required to complete the TCA cycle and generate ATP using oxidative phosphorylation via the electron transport chain (ETC).
The ETC combines molecular oxygen with protons producing water during ATP synthesis. Cells from highly vascularized tissues (e.g., bone, synovium, ligament, and tendon) have rapid access to oxygen, which supports high rates of ATP generation using the TCA cycle and the ETC. In contrast, cells from avascular tissues, such as cartilage and portions of the meniscus, rely primarily on glycolysis to generate ATP [60, 61] . Interestingly though, there is evidence that TCA cycle activity and mitochondrial respiration positively regulate glycolysis in bovine cartilage explants [62] .
Because soft tissues undergo most of the deformation in the joint during loading, we focused on studies in cartilage and chondrocytes. In chondrocytes from healthy cartilage, glycolysis is enhanced by phosphorylation of the enzyme PFK-2, which is mediated by activation of the serine-threonine kinase, amp-activated protein kinase (AMPKα) [63] .
However, OA and aged chondrocytes exhibit diminished activated AMPKα [64, 65] .
Furthermore, OA and aged cartilage exhibit decreased mitochondrial protein expression and biogenesis compared to healthy cartilage [66] , suggesting that impaired mitochondrial respiration may limit metabolic resources required to repair and remodel damaged joint tissue. For example, healthy bovine chondrocytes survive a nutrient stress in part by upregulating mitochondrial respiration and reducing the rate of reactive nitrogen and oxygen species production [67] .
Conversely, in response to hypoxia, chondrocytes altered their metabolism by increasing glucose uptake and expression of the glucose transporter GLUT1, consistent with an adaptive response to changes in the in vivo environment [59] .
Studies of physiological compression in agarose-encapsulated SW1353 chondrocytes show that the TCA cycle is activated and increases production of the protein precursor pyruvate throughout 15-30 minutes of compression [68] . In contrast, primary human OA chondrocytes in the same system exhibit a transient increase in TCA activity that diminishes after 30 minutes.
Principal components analysis of 28 glucose derivatives indicates that unloaded controls cluster separately from samples subjected to either 15 or 30 minutes of compression in primary OA chondrocytes [69] . In contrast to physiological loading, injurious loading of cartilage explants increases oxidative stress similar to observations in OA lesions [62] .
While these studies focus on glucose metabolism, chondrocytes may also derive energy from metabolism of lipids and other sources such as galactose or glutamine. Because these pathways involve a variety of metabolic intermediates over time, measurements of multiple metabolites are used to describe pathway-wide behavior. By performing flux balance analysis on targeted metabolomic data using a stoichiometric model of energy metabolism [70] , studies can comprehensively describe changes in cellular metabolism [71, 72] .
Glucose and Glutamine Metabolism in Osteoblasts
It is increasingly clear that OA development often couples with changes in the subchondral bone compartment. Understanding how metabolic stress affects OA requires better knowledge about cellular metabolism in osteoblasts. Although the general metabolic pathways are shared among mammalian cells, specific cell types such as osteoblasts may utilize the pathways differently to fulfill its unique biological functions. Studies in the 1960s already revealed that cultured bone slices or osteoblasts utilize glucose briskly to produce lactate as the main end product [73] [74] [75] . However, interest in this area of research waned during the past several decades. As a result, the energy and carbon source for osteoblasts remains poorly defined [76] . Moreover, it is not known how cellular metabolic pathways are reprogrammed when mesenchymal progenitors transition to mature osteoblasts.
Recent studies have explored the potential effect of Wnts and PTH, both known bone anabolic signals, on cellular metabolism during osteoblast differentiation. The results indicate that both signals stimulate glycolysis but suppress glucose metabolism in the mitochondria, a process known as aerobic glycolysis or Warburg effect originally associated with cancer cells. In particular, Wnt signaling acutely increases the protein levels of a number of glycolytic enzymes in a manner independent of β-catenin-mediated transcription but dependent on mTORC2 and Akt activity [77] . Such changes result in a rapid increase in glycolysis as well as the production of lactate while simultaneously suppressing glucose metabolism via the TCA cycle [77, 78] . The energy requirement during osteoblast differentiation in response to Wnt signaling is fulfilled partly by increased glutamine metabolism in the TCA cycle [79] . Remarkably, the increased utilization of glutamine notably reduces the intracellular levels of glutamine, thus activating the Gcn2-eIF2α-Atf4 stress pathway to increase the protein synthesis capacity that is integral to osteoblast identity [79] . In contrast to Wnt's direct reprogramming of cellular metabolism, PTH stimulates aerobic glycolysis secondarily through the induction of Igf signaling [80] . Importantly, with either Wnt or PTH, reversing the increased glycolysis suppresses the bone anabolic effects of the signal [77, 80] . These studies therefore identify stimulation of aerobic glycolysis as a shared mechanism between two major bone anabolic signals. Overall, dysregulation of cellular metabolism in osteoblasts may contribute to the pathology of OA in response to systemic metabolic stress, such as insulin resistance. Targeting metabolic pathways may be a viable therapeutic approach for delaying the occurrence or impeding the progression of joint diseases.
AMPK and Metabolism in Cartilage and Osteoarthritis
Effective regulation of cellular energy metabolism is critical for tissue homeostasis [22, 81, 82] . Emerging evidence indicates a critical interplay between cellular energy metabolism and inflammation [22, 81, 82] . Low-grade systemic inflammation resulting from metabolic disturbances, as well as low-grade local joint inflammation (i.e., synovitis), is implicated in progressive cartilage degeneration and OA progression [14, 83] . Recent findings indicate that AMPK, a master regulator of energy balance and metabolism, plays an important role in cartilage inflammation and tissue homeostasis.
AMPK is an evolutionary conserved serine/threonine protein kinase existing in essentially all eukaryotic cells. AMPK is a heterotrimeric complex consisting of a catalytic α-subunit and two regulatory β-and γ-subunits. Each subunit has 2-3 isoforms encoded by different genes [84, 85] . Importantly, phosphorylation of a conserved threonine within the catalytic domain (Thr172) of the α subunit is crucial for AMPK activity [84, 85] . Articular chondrocytes express α1, α2, β1, β2 and γ1 isoforms of AMPK subunits, and α1 appears to be the predominantly expressed and functionally active AMPK α isoform [64] . AMPK is activated in response to a metabolic stress resulting in an increase in the cellular AMP:ATP ratio, which can be caused by either a net increase in ATP consumption (e.g. exercise/muscle contraction) or decrease in ATP production (e.g. hypoxia). In this manner, AMPK enables cells to adjust to changes in energy demand. AMPK can be activated by pharmacological compounds such as the nucleotide mimetic AICAR (5-aminoimidazole-4-caboxamide 1-b-D-ribofuranoside) and A-769662, which is a selective and direct AMPK activator through binding to the β1 subunit [81, 84] . Some drugs already in the clinic for arthritis and other conditions have also been shown to activate AMPK (e.g., sodium salicylate, methotrexate, metformin, and the natural plant product berberine) [86, 87] .
Phosphorylation of AMPKα Thr172 is constitutively present in normal articular chondrocytes/cartilage; however, it is decreased in human knee OA chondrocytes/cartilage, 9 trauma-induced mouse knee OA cartilage, and aged mouse knee cartilage [64, 65] . In vitro 10 studies demonstrated that inflammatory cytokines IL-1β and TNFα, as well as biomechanical 11 injury, can cause de-phosphorylation of AMPKα in normal articular chondrocytes. This is correlated with increased catabolic responses [64, 65] . In addition, chondrocytes deficient in both AMPKα1 and AMPKα2 (achieved via siRNA transfection) significantly enhance catabolic responses to IL-1β and TNFα [64] . Moreover, AMPK pharmacological activators are able to inhibit catabolic responses to either inflammatory cytokines or biomechanical injury [64, 65] .
These results indicate that chondrocytes with reduced AMPK activity can disturb the cartilage homeostatic balance by increasing catabolic activity. Recent in vivo studies reveal that AMPKα1 knockout (KO) mice develop spontaneous OA development (unpublished observation).
Activation of AMPK by berberine limits both surgery-induced and aging-related spontaneous OA development in mice, indicated by significantly less proteoglycan loss and cartilage degradation [88] . Taken together, these data suggest that maintaining articular chondrocyte AMPK activity is critical to cartilage matrix homeostasis.
Regulation of AMPK activity in articular chondrocytes
Liver protein kinase B1 (LKB1) is the primary upstream kinase of AMPKα in chondrocytes [65] . Notably, phosphorylation of AMPKα Thr172 is nearly completely inhibited in LKB1 knockdown chondrocytes, resulting in significantly enhanced catabolic responses to IL-1β and TNFα [65] . Phosphorylation of LKB1, similar to phosphorylation of AMPKα, is reduced in human knee OA chondrocytes, mouse knee OA cartilage, aged mouse knee cartilage, and chondrocytes challenged with mechanical injury [65] . This suggests that dysregulation of LKB1 in aged and OA cartilage may contribute to suppression of AMPK activity. Chondrocyte AMPK activity can also be negatively regulated through de-phosphorylation by protein phosphatase PP2Cα, as suggested by increased phosphorylation of AMPKα Thr172 in PP2Cα knockdown chondrocytes (unpublished observation). Chondrocytes treated with IL-1β and TNFα have increased expression of PP2Cα, which could be, at least in part, responsible for dephosphorylated AMPKα Thr172 by these cytokines (unpublished observation). AMPK activation also increases the expression and activity of another energy sensor in articular chondrocytes, SIRT1, which is a NAD+-dependent protein deacetylase [66] . Several studies have demonstrated that dysregulation of SIRT1 leads to OA development and progression.
Interestingly, SIRT1 can deacetylate LKB1, forming a positive feedback loop to potentiate AMPK activity and function [89] .
AMPK downstream signaling in articular chondrocyte
Mitochondrial dysfunction is well documented in OA chondrocytes and has been associated with abnormalities in articular chondrocyte function and reduced viability that contribute to cartilage degeneration in OA [90] [91] [92] . These abnormalities include impaired chondrocyte anabolic and growth responses, excesses oxidative stress, increased apoptosis, and cartilage matrix calcification. In addition, mitochondrial dysfunction has also been linked to enhanced responsiveness to pro-inflammatory cytokines and increased matrix catabolism [90] [91] [92] . Mitochondrial biogenesis is important for maintenance of mitochondrial function. Recent findings show that expression of peroxisome proliferator-activated receptor γ co-activator 1α (PGC-1α), a transcription co-activator and master regulator of mitochondrial biogenesis and function, is decreased in both mouse knee OA cartilage and in aged mouse knee cartilage [66] . In addition, mitochondrial biogenesis capacity is significantly reduced in advanced human knee OA chondrocytes, as indicated by deceased mitochondrial DNA content and mass. This is associated with reduced mitochondrial respiration and intracellular ATP level [66] . These functional changes are correlated with a concomitant reduction in phosphorylation of AMPKα, reduced expression of SIRT1 and PGC-1α, and increased acetylation of PGC-1α. Importantly, pharmacologic activation of AMPK reverses impaired mitochondrial biogenesis and function in advanced human knee OA chondrocytes through activation of SIRT1 and PGC-1α [66] .
Activation of AMPK in articular chondrocytes also increases expression of FoXO3a, a transcription factor that belongs to the forkhead box O (FoXO) family [93] . FoXO3a is a direct transcriptional regulator of PGC-1α, and PGC-1α itself can augment the transcriptional activity of FoXO3a. Not surprisingly, reduced expression of FoXO3a is found in both mouse knee OA cartilage and in aged mouse knee cartilage. Mitochondria dysfunction leads to elevated levels of reactive oxygen species (ROS), and ROS can modulate redox-sensitive NF-κB and other signaling pathways that increase chondrocyte catabolic activity [93] . Pharmacologic activation of AMPK in articular chondrocytes limits excessive oxidative stress by up-regulating expression of antioxidant enzymes SOD2 and catalase [93] . AMPK activation also inhibits inflammatory cytokine-induced NF-κB signaling and catabolic responses through PGC-1α and FoXO3a [93] .
An additional cellular process associated with metabolic dysfunction and activated in human knee OA chondrocytes is a stress response termed the unfolded protein response (UPR).
UPR can result from a compromise in the function of the endoplasmic reticulum (ER), where all secretory and integral membrane proteins are folded and post-translationally modified [94, 95] .
Cellular stress such as perturbations in energy stores, redox state, and metabolic and inflammatory challenges cause ER stress, leading to accumulation of misfolded proteins [94, 95] .
UPR protects cells from stress and contributes to cellular homeostasis re-establishment.
However, when ER stress is too severe or chronic, or the UPR is unable to resolve the proteinfolding defects, cells are led to apoptosis through induction of C/EBP homologous protein (CHOP) [94, 95] . Several factors implicated in OA pathogenesis upregulate expression CHOP in articular chondrocytes, including biomechanical injury, IL-1β, nitric oxide, and advanced glycation end products [96] [97] [98] [99] [100] . CHOP potentiates the capacity of IL-1β to induce catabolic responses, superoxide generation and apoptosis in chondrocytes by inhibiting AMPK activity [96] . Pharmacologic AMPK activation blunts CHOP expression and catabolic responses induced by IL-1β and biomechanical injury in chondrocytes [96] , suggesting a role of AMPK in alleviating ER stress.
Another OA-related process involved in cellular proteostasis and metabolism is autophagy. Autophagy is a cellular housekeeping and protein quality control mechanism, which can remove damaged or defective proteins and organelles including damaged mitochondria [89, 98] . Chondrocyte autophagy is a constitutive homeostatic mechanism in articular cartilage. It is reduced in human knee OA, mouse knee OA, and aged mouse knee cartilage [101] . Suppressed autophagy is observed in cartilage ex vivo in response to mechanical injury [102] . Inhibition of autophagy in chondrocytes exacerbated IL-1β-induced OA-like gene expression changes and apoptotic signals; whereas, activation of autophagy inhibited these responses, possibly through modulation of ROS in chondrocytes in vitro [103] . AMPK can promote chondrocyte autophagy through inhibition of mTOR [104] . The later steps of autophagy in autophagosome formation can be enhanced by SIRT1 through deacetylating several autophagy-related proteins [89] .
Collectively, AMPK exerts its chondroprotective effect through its downstream targets that increase cellular stress resistance by 1) preserving mitochondrial function that inhibits oxidative stress and inflammation, and 2) protecting chondrocyte proteostasis mechanisms that limit ER stress and maintain autophagy.
The increased incidence of OA with aging and metabolic syndrome strongly supports the concept that AMPK dysfunction is involved in OA pathogenesis. Responsiveness of AMPK activation declines during the aging process, and low-grade inflammation present in aging tissues is thought to be at least in part responsible for suppressing AMPK signaling [89] . Nutritional factors can affect AMPK signaling. Caloric restriction is known to stimulate AMPK activity.
However, nutritional overload impairs AMPK activity, which induces insulin resistance in many tissues [89] . Dysregulation of AMPK is linked to obesity and diabetes and a variety of other agerelated diseases [89, 105] . Reduced capacity of AMPK activation in cartilage and likely other articular joint tissues could promote OA by limiting energy availability for cellular maintenance, triggering cell stress pathways, altering cell metabolism, and ultimately compromising cell survival, tissue integrity and function. Since sustained AMPK activity in articular chondrocytes appears to be critical for maintaining cartilage homeostatic balance, targeted activation of AMPK could be an attractive and novel therapeutic strategy for OA (Figure 4) .
Conclusions
OA is a multifactorial disease with both complex causes and diverse phenotypes. Obesity is a key driver of both altered joint biomechanics and catabolic processes within the joint.
Metabolic syndrome affects upwards of 50% of the US population and patients with metabolic syndrome have increased incidence of OA. OA in metabolic syndrome patients displays interesting differences between genders, and further research into the sexual dimorphism of OA within the context of metabolic syndrome may yield important advances in understanding the etiology of OA. Cartilage is an important tissue that deteriorates in OA, and the low oxygen environment of cartilage suggests that mitochondrial respiration is negligible in chondrocytes.
However, the historical view that chondrocyte metabolism is primarily glycolytic and that mitochondrial function has minimal impact on chondrocyte function is rapidly changing. with glycolysis alone. Glucose is also be used to make amino acid precursors for protein synthesis. In both cartilage explants and 3D cultured chondrocytes, physiological loading (blue) appears to stimulate the TCA cycle, while high-magnitude injurious loading (red) increases oxidative stress [62, 68, 69] . Studies have used small molecule inhibitors, including rotenone, oligomycin, and N-acetylcystein (NAC) to modulate metabolic and oxidative processes. 
